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ABSTRACT

To highlight in a qualitative manner the kinetics of an
excimer laser, a simple computer model for calculating the
species populations in a KrF laser cavity is developed; sub-
sequently a computer program originally developed at the
Naval Research Laboratory (NRL) is modified to calculate the
population of the different electronic configurations of
excited neon present in a XeF laser. When modified, the NRL
program accounts for 185 reactions and requires 9.5 minutes
of CPU time using the IBM 360/67. The populations obtained
are applied to the calculation of the index of refraction
in the laser cavity. The phase shift is determined per unit
length for the two laser wavelengths; one laser wavelength is
non-resonance with neon and the other is at resonance. UYeon
is the dominant specie relative to concentration and within
the population distribution the neon ground state dominates
by a factor of a million. The calculations show that the
ground state neon determines the index of refraction; an
exception occurs if the laser wavelength is near resonance
to any of the transitions in the 3s + 4p array. As long as
the laser is operated away from the 3s + 4p resonant wave-
lengths, the phase shift will be negligibly small resulting
in satisfactory beam quality; the preceding statement is
valid only for the influence of neon.




r

II.
III.
Iv.

VI.

VII.
VIII.

T A o K ST ASNy Sk oo v e s e e

TABLE OF CONTENTS

INTRODUCTION = = = = = = = = = = = = = = =
KINETICS = = = = = =~ = = = = = = = = = = =
A SIMPLE KINETICS MODEL FOR XrF - - - - -
XeF LASER COMPUTER PROGRAM FROM NRL - - =~

CALCULATIONS OF NEON EXCITED STATE

POPULATIONS = = = = = = = = = = = = = = «

CALCULATION OF THE INDEX OF

REFRACTION = = = = =~ = = = =& = ¢ = = = = =~
CALCULATION OF PHASE SHIFT = - = = = = - -
RESULTS = = = = = = = = = = = = = = = =« =

APPENDIX A. KINETIC RIACTIONS AND RATE

APPENDIX B. CALCULATION OF RATE CONSTANT k - -

CONSTANTS FOR XeF SIMULATION - - - -

5

APPEINDIX C. CALCULATION OF PHOTON CONCENTRATION

LIST OF REFERENCES
INITIAL DISTRIBUTION LIST

- e w am em ew @ W e = = wm wm = -




II.
IIT.

Iv.

VII.

VIII.

IX.

XI.

S TmEn T T T T e e T —

LIST OF TABLES

Rare-gas Halide Laser Emission

Wavelengths - = = = = = = = = = = = - = = = - - 9
Rate Constants = ~ = = =~ = = = = = = = = = = - = 27
Variables, Symbols, and Equations Used

in HP9830 Computer Program for XrF Laser - - - - 32
Listing of the HP9830 XrF Program - - - - - - - 34
Output of the HP9830 RrF Program - - - - - - - - 37
Input Reactions to the MRL Program - - - - - - - 45

Degeneracy and Energy Values for the.
Configurations - = = = = = = = = = = - = - - - - 51

Variables, Symbols, and Equations Used
in HP983C Computer Program for

Calculation of n=1 = = = = = = = = = = = = - - - 55
Listing of the HP9830 Index of
Refraction (n-l) Program - - - - - - - - - -~ - - 57
Output of the HP9830 for n-1 at
Low Power = = = = = = = = = o =@ = = &« = = « - - 61
Output of the HP9830 for n-1 at
High Power - = = = = = = = = = = = = = = = -« - - 62




10.

LIST OF FIGURES

Potential Energy of Excimers (Reproduced
from Ewing [2]) - = = = = = = = = = = = - - - - -

Major energy flow pathways in e-beam
pumped Ne/Xe/NF3 mixtures (Reproduced
from Huestis [27]) - =~ = = = = = = = = = = = - - -

Example of e-beam pumped KrF laser geometry -

. +
Concentration of secondary electrons (e), ¥Xr ,

and KrF*, molecules/cm?, as a function of time - - 30

Concentration of F, F , and KrF, molecules/
cm3, as a function of time - - = = = = = = = = - - 31

Energy-level diagram of Neon (Reproduced
from Pressley [32]) =~ - = = = = = = = = = - - - - 43

Matrix of significant configuration arrays.

The number in the blocks is (n-1)/NM cm3

multiplied by 1027 (Reproduced from Fuhs,

Etchechury, and Cole [35]) - - = = = = = = = - - - 49

Plot of n-1 as a function of wavelength.
The quantity plotted is contribution of

3s -- 4p transition in neon (Reproduced

from Fuhs, Etchechury, and Cole [36]) - - - - - - 53

Calculated index of refraction (n-1) as a

function of time - - = = = = = = = = = - - - - - - 55

Geometry of Cavity - - = = - = = = = = = = - - - - 63
7




ACKNOWLEDGMENTS

The author would like to acknowledge the support of the
Defense Advanced Research Projects Agency (DARPA), for pro-
viding the necessary funding for this research project.

First, I would like to express my deepest thanks to my
thesis advisor, Dr. Allen E. Fuhs, Distinguished Professor
of Mechanical and Aeronautical Engineering, whose untiring
assistance made the completion of this thesis possible. If
there exists an award for ""Professorship" above and beyond
the call of duty; Dr. Fuhs most assuredly deserves one.

Second, I am indebted to Dr. Louis J. Palumbo for the
assistance rendered in modifying the computer program he

provided from NRL. I am also grateful to Jane Foust and

Richard Donat of the Naval Postgraduate School Computer Center,

who assisted in computer program modification.

Lastly, I would like to thank all the members of the
Mechanical Engineering staff who assisted in many important
ways on this thesis. Also, the unselfish service of the
Educational Media Department Craphics and Photo Lab personnel
is sincerely appreciated.

This thesis is dedicated to my wife whose support and
devotion throughout my graduate studies has raised me to

this new plateau.




I. INTRODUCTION

The rare-gas monohalides, such as XeF, are simple diatomic
molecules whose properties and emission spectra were essen-

tially unknown as recently as five years ago. Now they are

the active media for gas lasers that could provide overall
electrical efficiency as high as 10 per cent in various wave-

lengths, as depicted in Table I.

Table I. Rare-gas Halide Laser Emission Wavelengths

Peak wavelengths of most intense band (nm)

Ne Ar ¥r Xe
F 1072 193 248 351,353
c1 b 170 222 308
Br b 16627 2062 282
I b b 1852+ 2522

aHas not demonstrated laser oscillation.

b . . .. .
Predissociates, hence emission is weak or unobservable.

The overall efficiency as explained by J. J. Ewing and C. A.

Brau [1] is

...a product of a quantum efficiency, an upper
laser level production efficiency, an extraction
efficiency an efficiency for producing the initial
excited states by the pump, and an energy coupling
efficiency which describes the efficiency with which
energy gets from a wall socket into the gas medium.
The extraction efficiency is comprised of both
spectroscopic and kinetic extraction efficiencies

LA A AR O 2




depending on the ratio of net gain to loss and the

ratio of rates of stimulated emission of upper laser

levels to the quenching and spontaneous loss of

upper levels. Certain rare gas halide lasers have

potential for high power and high efficiency because

they have high efficiency in each of the above
mentioned elements. Depending on the application
requirements, one may accept a lower efficiency of

one of these elements if the compromise allows for

some simplification of the laser. Typically this

trade off usually involves coupling and excited state

production efficiencies.

Rare-gas monohalides belong to a larger class of mole-
cules broadly known as excimers. An excimer is an atomic
or molecular aggregate, composed of two atoms or molecules,
that is bound in its excited state but is unstable or
slightly bound in the ground state.

The term "excimer' is standard chemical nomenclature
for dimers which are bound in the excited state and free in
the lower state. In standard nomenclature dimer means two
of the same thing. Thus, Xez*, Arz*, etc. are excimers.
Species that are heteronuclear such as LiXe* or XrF* also
can have bound excited states and dissociative lower states.
The accepted chemical nomenclature for such species is
"exciplex" short for excited complex. Unfortunately, the
laser community has not uniformly utilized good scientific
English and typically calls all species with dissociative
lower states, and even some like XeF with slightly bound
lower states, "excimers'.

The excited state of the excimer species can radiate

in a broad band that is red shifted from the wavelength of

the parent atomic excitation. The size of the bandshift

10
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depends on the depth of the excited state well (typically
1-5eV) and on the repulsion of the lower state at the energy
minimum of the excimer. 1In Figure 1 are schematic potential

energy curves for an excimer.

\\’//,Z;:—_'Moleculation .

Other excited states

AB**

A+B*

2 AB*  Excimer upper level
2
i
Atomic
excitation
Excimer emission
A+B
Continuum Weak van der Walls binding

bandwidth

INTERNUCLEAR SEPARATION

Figure 1. Potential Energy of Excimers (Reproduced from
Ewing [2].

Excimer emission spectra are useful for lasers because
the lower level rapidly dissociates. Since the dissociation

0-12

time, about 1 second, is much less than upper level

radiative lifetimes, 10~2 to 10°°

second, population inver-
sions can be readily produced and maintained.

The excimer laser or exciplex laser offers features
which are essential for military applications [2-4]. These
features are as follows: first, the potential for high

efficiency; second, scalability to large volume and high

power; and, third, transmission through the atmosphere




using either directly-generated photons or frequency-con-
verted photons [5]. As a result of the attractive character-
istics, considerable effort has been and is being directed
toward identification of key technical issues and establish-
ment of feasible solutions to the problems identified [6-11].
In addition to research directed toward the laser device
itself, work is also being funded on related and relevant
aspects, including e-beam technology, UV optics, and time
dependent laser aerodynamics. For example, see Bennett,

et al. [12] for work on UV optics.

Systems studies have been conducted by Rocketdyne. Among
the various aspects of large excimer lasers considered in the
Rocketdyne reports was beam quality as influenced by non-
uniformity of index of refraction. The adverse impact of
poor beam quélity upon the overall system was stressed.

For military applications the optimum pulse duration
should be a few microseconds [13-15]. The pulse duration
for some military applications is in contrast to the desired
pulse duration of a few nacoseconds for inertial confinement
to achieve thermonuclear fusion [l1]. Even if a pulse dura-
tion of 10 microseconds is used, the motion of the waves,
e.g., cathode shock wave and anode wave, in the gas will be

very small, i.e., of the order of
2 = art = (300 m/sec) (‘10.5 sec) = 3 mm (1)

where a is the acoustic wave speed and t is the pulse dura-

tion. However, this fact does not suggest that a pulsed
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excimer laser will be free of inhomogeneity problems; exten-
sive experience with pulsed electrical lasers operating in
the IR indicates that beam quality may be a problem. To
achieve high average power, a large pulse repetition fre-
quency, PRF, must be used which requires a flowing laser.
The higher the PRF, the faster the gas flow is.

Gas flow in a high power, high PRF, excimer laser will
probably be subsonic. In subsonic flow [16-18], disturbances
can propagate upstream. Even if the upstream base flow is
perfect, the gas moving out of the cavity after a pulse can
cause An/n within the cavity; n is index of refraction, and
An is spatial variation of index of refraction. A large
flush factor eases the problem of a nonuniform base flow;
however, high efficiency demands a low flush factor.

Nonuniformity of the lasing medium may have adverse
effects distinct from the deterioration of beam quality.

The work of Nerheim and Chen {19] at JPL indicates different
levels of performance depending on homogeneity of the gas.
Pulses into a homogeneous medium resulted in one level of
power output; pulses into an inhomogeneous medium yielded
another level (lower naturally) of performance. Details of
the physics involved in this observation were not unraveled.
The work by Nerheim and Chen was with an atomic copper laser.
Consequently the results are not directly transferable to
rare gas-halide lasers.

Despite the many unsolved problems regarding excimer

lasers, its use as a potential weapon constitutes a




revolution greater than the leap from naval guns to guided
missiles. Some of the conceivable missions for the excimer
laser are ballistic missile defense (both ground-based silo

defense and space-based destruction of ICBMs in the boost

phase), space-based antisatellite defense, and antiship

missile defense (ASMD) {20]. The latter has the most pro-
mise of relatively near-term development. Also; the radia-
L ‘ tion from certain excimer lasers has good propagation in
sea water.
Briefly, the laser offers the advantage of depositing
an extremely high energy on a small area of a target. This
destructive energy is delivered at the speed of light (300
million meters per second which is ideal for a defensive
system against missiles); whereas, a conventional missile b

travels to its target at a speed of a few times the speed

of sound (roughly 1500 meters per second).

As alluded to earlier, beam quality has an important
impact upon the overall laser system. Improvements in beam
quality can be used to decrease overall laser size, shorten
time for melting a metal, or decrease laser run time to
perform a certain task. A well know fact is that beam
quality depends on favorable illumination of the exit
aperture; favorable illumination implies near constant
phase and, to a lesser degree, near constant amplitude.

Variation of the index of refraction within the cavity

causes spatial variation in phase at the laser exit. This




nonuniform phase causes the peak axis intensity, Ieg, to
decrease according to

I
I—fﬁ - exp [-(2mo /0] (2)

where A is wavelength. The rms phase, ¢ is obtained by

rms’
squaring and averaging the phase shifts across the aperture.
Equation (2) is the Strehle Ratio [21]. The spatial phase

relation is

¢ = f nds (3)

where ds is an incremental distance along a ray in the
laser cavity. The initial efforts to limit phase distortion
considered the index of refraction in terms of the Gladstone-

Dale formulation

n=1+Gp (4)

where p is gas density, and G is the Gladstone-Dale constant;
hence there is concern for flow and acoustic effects. Hogge
and Crow [22] state that flow uniformity and reduced acoustic

effects have achieved Ap/p = 5x10°°

, which is the required
flow uniformity.

It has been suggested, however, that the requirement for
flow uniformity should be stated in terms of An/n due to
nonuniform pumping in the cavity [23]. In a typical flow

mixture, the constituents of the medium (Ne:Xe:NF3) are

15




present in a fixed ratio (750:3:1) [24]. Even in a gas with
fixed chemical composition, pressure and translational tem-
perature, and hence, fixed Ap/p, An/n can vary according to
the ionic and electronic excitation of the medium caused by
pumping.

Consider the Ladenburg formulation of the Kramers-Kronig

dispersion relation [25]

2 N xz. XZ N, g

R MDD S R

™ _C ) 3 Kk AT - ij j°k

(5)
e electron charge
c speed of light
m, mass of electron
total number

ij wavelength for transition between k and j
A wavelength of interest at which n is derived

Kj is oscillator strength for transition from k to j
gj is degeneracy of jth energy level

N, population in j':h energy level

There are % distinct species indicating specific electronic
or ionic excitation present in the cavity. Index j sums
over lower levels and k over upper levels of possible con-

figurations. Identify the mole fraction as

16




X, = g (6)

the fraction of the total molecular population represented

by species &. Finally, define a quantity

2,2
2 Ao A Nog.
I - k .k
L2 LY -l O
2mm_c . P J °k
e 3 k kj
In terms of the quantities defined above
n-l=8 ) X, T, (8)
L

or the index of. refraction in the cavity is the sum of the
contributions of all the species present in the cavity.-

Since N2 = NXQ,

The partial density is given by Py = Wom, where m, is the
th

molecular weight of 2~ species. In terms of partial

density, equation (9) becomes

n-1 = plTl/m1 + °2T2/m2 + ... (10)
Introduce the mass fraction for the gas mixture Y, = pl/p,
where p is the density of the gas mixture. The result is

n-1 = oY T, /m; + ¥,T,/my + ...] (11)

17
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Equation (11) shows that n-l1 is proportional to'p; however,
equation (11) further demonstrates that n-1 depends on mass
fraction and index of refraction, of each species. Even with
uniform flow, the spatial phase relation across the cavity
will not be uniform. Accurate modeling of the phase effects
requires knowledge of the species populations and the con-
tribution to the index of refraction of the species in the
cavity. This thesis will explore a model for determining
the species populations in a laser cavity and apply a model
originally developed at the Naval Research Laboratory (NRL)
to calculate the populations of the different configurations
of excited Neon present in a XeF laser.

First, in section II, a review of electronic transition
gas laser kinetics is discussed. Second, in section III, a
simple model for an excimer (XrF) laéer is developed. Third,
in section IV, the computer program developed and written at
NRL by Johnson, Palumbo, and Hunter [26] is discussed.
Fourth, in section V, a formulation of input reactions to
the NRL program to calculate the populations of excited
neon configurations is developed. Fifth, in section VI,
calculation of the index of refraction is performed. Sixth,
in section VII, the calculation of phase shift is performed.

Lastly, in section VIII, the results are discussed.




IT. KINETICS

Electronic transition gas lasers (i.e. exciplex or
excimer) generally involve complex, branching chains of
energy flow from initial pump excitation of background gas
to eventual extraction of laser radiation. Figure 2 illus-
trates major energy flow pathways in e-beam pumped
Ne/Xe/NF3 mixtures. These energy chains include processes
such as: energy deposition by electron ionization and
excitation; energy transfer by various collisional
mechanisms, including neutralization, displacement and
"harpooning', leading to formation of the upper laser
level; and collisional mechanisms which intercept excitation
energy before it éan reach the upper'laser level, or which
quench that level before stimulated emission occurs. Also,
one must consider extraction of stimulated emission includ-
ing absorptions by various processes in the gas and reso-
nant reabsorption by the lower laser level (if there is
one), laser cavity oscillation, and coupling through output
mirrors. A time-dependent model of the kinetics of such a
system must define and update species densities for a large

number--typically between 20 and 60--gas components, includ-

ing ground states, several excited states and ions of atoms
and molecules, plus electrons and photons.
The time evolution of these components is followed by

the solution of a set of coupled first order ordinary

-




Figure

Note:

ry—o E——
T N e ms
NF4*
NF3
pPUMP
u1 NE3 PUMP
Ne* N Ney* < Ne®
\ / NFy 2Ne
. NF
Nef 3 Ne,*
107 nm 85 nm Xe
Xe
Fe Xe .
97 nm Xe -e=—ee PUMP
NF3 F- u\/ V\¢ Ne
Fy* Xe XeF * £
2 *
158 nm 351/460 am Xez
NEy NFg el pump
Xey* Xe + Ne .
173 ‘om Xe

Major energy flow pathways in e-beam pumped
Ne/Xe/NF3 mixtures (Reproduced from Huestis [27]).

Energy input from the electrons comes in along
the pump arrows. The species in each box, plus
the component along the reaction arrow, yield
the result in the next box. The wavelengths of
the emitting species are indicated. They may be
subject to quenching by NF3 or e (not shown).
NeF* is presumed to predissociate.
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differential equations; one equation is required for each
gas component. To the set of equations defining species
densities are added further equations describing the evolu-
tion of the photon field, the gas temperature, and (in some
models) coupled electrical circuit parameters. The species
equations can be generally described as equating the rate
of change of species density to a sum of contributing for-

mation terms less a sum of depletion terms as

dN.
Ht_l’Z.Fji'Z Dix (12)
3 k

Here Ni is a particular species density, the Fji are the

formation terms, and the Dik the depletion terms. For

- example, consider a simple chemical reaction of the form

A+ 8B > C + D whose forward rate constant is k; if the
species densities are expressed in cm'3, the units of k are
cm3/sec. For this reaction, the rate equations defining

speciecs C and D would contain the formation term
F = k[A][B] ; (13)

at the same time, the equations defining species A and B

would contain the depletion term
D = k{A][B] . (14)

Recall that square brackets for a chemical symbols means

number density of the chemical with dimensions 1/cm3.

21
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Consider equation (12) again. Species i is formed in

j different reactions. Likewise, species i is depleted in

k different reactions.




ITI. A SIMPLE KINETICS MODEL FOR KrF

In a thorough model of an excimer laser a large number
of kinetic reactions are necessary; see, for instance, the
185 reactions listed in the output of the NRL program for
XeF (Appendix A). The reactions are used to obtain the set
of coupled first order differential equations. The solution
to this set of equations is very involved and tedious
because of the difficulty in handling the tangle of reactions.
Therefore, only a few of the kinetic reactions in a KrF
laser are considered. The object of the simple computer
model was to obtain a qualitative insight to excimer laser
kinetics.

The model uses a He/Kr/F2 mixture (98.1/1.77/0.13) with
He as diluent. Figure 3 illustrates a simplified e-beam

pumped KrF laser geometry.

’ ELZCTRON BEAM 1

Y v ¢
— | — 5> vavepatn ~__
——— qr_ * —

[~
-

—

——

L~ ’ 4 — - — -

Point of Stimulated
Emission

LASER CAVITY

ltcm: LENGTH (L) —-{

Figure 3. Example of e-beam pumped XrF laser geometry.
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The first step in the kinetics chain leading to extrac-
tion of laser radiation is the deposition of energy in the
diluent gas by either photons or electrons. In this model
electrons are used. The electrons 'ionize the Kr and

dissociate the F2

ky o+
e' +Kr " Kr + e + e' (15)

where e' is a primary electron, e is a secondary electron
resulting from ionization of Kr, and kl is the forward
rate constant. The secondary electron has sufficient
energy to dissociate and electronegatively attach to
atomic F.

k2

e+F, » F+F (16)

In addition dissociation of F2 by the primary electrons

occurs.

kq
e tE, o F4E (17)

Having produced the ion pair states, recombination of
positive rare gas ions and readily formed halide ions yields

the excited state (KrF*).

k,
+ -
XKr + F + M - KrF* + M

The KrF* can produce a photon by stimulated emission.

kg
KrF* + hv -+ KrF + 2hv

24
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Also, recombination of F can occur

kg
F+F+M - FZ + M (20)

Fluorescence decreases XrF* population by

T
KrF* -» KrF + hv 21)

where 1 is the radiative lifetime.

Reactions (15) to (21) are the only reactions considered
in this model. None of the quenching processes of KrF¥*
have been considered, such as

k
KrF* + 2Kr -~ KrZF* + Kr (22)

nor have many other reactions [2] and [28].

The reactions considered in this model are used to find
the formation terms equation (13) and depletion terms
equation (l4). For example, examining reaction (15) the
formation term for the concentration of e and Kr+ is

determined.
Formation e = kl[e'][Kr]

Formation Kr+ = kl[e'][Kr]

where [ ] denote concentration in specie number/cm3.

The depletion term for concentration of e from reaction (16)

is




,—— -

Depletion e = kz[e][FZ] (25)
and for Kr+ from reaction (18)
+ +yp-
Depletion Kr = k4[Kr J[F ]1[M]) (26)

Applying equation (12), that is, eyuating the rate of change
of e concentration to the sum of contributing formation
terms equation (23) less the sum of depletion terms equation

(25) yields

fel  atenire] - kylellF,] (27)

Similarly, combining equations (24) and (26)

+
r

dIRE ] - i fe’IMRe] - K, (ReTIIFTI[M] (28)

Continuing the process

%%El = kyle]l[F,] + kyle'][F,] - kg[F][M] (29)
i—iﬂ = ky[e][Fy] + kjyle'][F,] - kA[Kr"'][F'][M]
(30)
%%55551 = k4[Kr+][F'][M] - kg[hv] [KrF*] - [KrF*]/t
(31)
%{Eﬂ = kg [KrF*] [hv] + [KrF*]/t (32)

are obtained.
In reaction (1l5) the e' is the e-beam input and there-

fore is a function of time. The model assumes the




in Table II.

nanoseconds from reference [2].

the case of ks.

The radiative lifetime, t, is equal to 15

electron mean energy is 10 eV.

‘7& prfaciiasit i

concentration of e' is initially 1.0QEl3 electrons/cm3 then

becomes zero after about 177 nanoseconds.

The rate constants (k) for the reactions were taken
from scientific articles [2, 29, and 30] or derived as in

The values of the rate constants are listed

The secondary

Table II. Rate Constants

Rate Constant Value Reference
k 5.0E-09 cm>/sec 29
K, 2.0E-09 cm>/sec 30
K, 5.0E-10 cm-/sec 30
K, 1.0E-25 cm®/sec 2
k5 1.5E-05 cm3/sec Zg;izzgxig
ke 1.0E-31 cm®/sec 2

il

Equations (27) to (32) can be solved to calculate the
concentrations as a function of time.
equations by dt yields a form for numerical solution on the

HP9830. Equations (27) to (32) become

dle] = (k [e'][Xr] - k,[e][F,])dt

d[Kr] = (k;[e'][Kr] - kA[Kr+][F°][M])dt

Multiplying these

(33)

(34)




r.'!‘ e r
d[F] = (kyle](Fy] + kyle'][F,] - kJ[FI[MDdt  (35)
dIFT] = (kylel[F,] + kyle'1[F,] - k, [Re¥][F](M])dt

(36)

d[KrF*] = (k,[Kr ] [FT1[M] - kg[hv][KrF*] - [KrF*]/1)dt

(37)

d[KrF] = (kg [KrF*][hv] + [KrF*]/1)de (38)
respectively.

The initial conditions for the set of equations are:

| (e] =0 (39)
(F] =0 (40)
[F7] =0 (41)
[KeT] =0 (42)
[KxrF] =0 (43)
[KrF*] = 0 (44)

Several constants are specified as follows:

[hv] = 4.0E1l (calculated in Appendix C) (45)

[FZ] = 4 .0El6 (46)
‘ Assumed values for
I [Kr] = 5.4E17 ) the He/Kr/F9 mixture (47)
‘ (98.1/1.77/0.13) at

[He] = 3.0E19} STP. (48)

Initial T = 0

Final T = 250 nanoseconds

Delta T = (Final T - Initial T)/256

A computer program was written using equations (33) to
(38) and the initial conditions and appropriate constants
given by equations (39) to (48). Figures 4 and 5, which are

plots obtained from the HP9330 program, are the concentrations

28




in specie number/cm3 versus time from 0 to 250 nanoseconds.
The plots in Figures 4 and 5(b) indicate that some species
densities rise extremely steeply in the first tenth of the
simulation time; later in the pulse (after about 50 nano-
seconds) species densities tend to flatten out. See Figure 4.
Once the e-beam terminates, the decay time is approximately
50 nanoseconds. In Figure 5(a) and (b) other species
densities increase gradually and flatten out. The results
of this model are in qualitative agreement with the NRL
simulation contained in reference [26]. The NRL simulation
limited the change in concentration to 5 percent per time-
step to obtain sufficient accuracy [26]. The question of
timesteps for the simple model was avoided; sufficiently
small steps were used throughout the program.

Table III lists the variables, symbols, and equations
used in HP9830 computer program.

Table IV lists the KrF Computer Program and Table V

lists the output.

29
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Table III. Variables, Symbols, and Equations Used in
HP9830 Computer Program for XrF Laser.
Variables and Symbols Used in the Program
HP9830 Text Meaning or Value (for constants) Units
El e' primary electron -
E e secondary electron -
F F Fluorine atom -
G F2 Fluorine molecule -
H F~ Fluorine atom with extra electron -
K Kr Krypton -
L ket Krypton minus an electron -
M M Third body -
X KrF Krypton Fluoride -
Y KrF* Krypton Fluoride excited : -
P hv photon joules
K1 ky Rate constant cm3/sec
X2 k2 Rate constant cm3/sec
K3 kg Rate constant em3/sec
K4 k4 Rate constant cm6/sec
t K5 k5 Rate constant cm3/sec
K6 k6 Rate constant cm6/sec
Tl T Radiative lifetime sec
I - Index; I=1 for initial conditions -
T t Time increment sec
32




Table III (Continued). Variables, Symbols,

and Equations
Used in HP9830 Computer Program for XrF Laser.

Equations Used in the Program

Line Humber
860
870
880
890
900
910
9220

Equation Number
33
34
35
36
45
37
38
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IV, XeF LASZR COMPUTCR PROGRAM FROM NRL

In order to calculate the excited states of neon in a XeF
laser a complex kinetics program is required. A kinetics
scheme for the XeF laser developed at the Naval Research Lab
was used., It was written by Dr. Louis J. Palumbo [26 and 31]
who assisted greatly in modifying it for use on the IBM 360/67.

The computer model consists of two parts: first, an e-
beam deposition section, in which the kinetic energy of near
relativistic electrons is used to ionize and excite the laser
gas, and, second, a chemical kinetics section, in which the
energy deposited in the gas cascades down by various proéesses
to the upper laser level and is extracted as laser radiation.

One input to the NRL computer model is a list of reactions,
e.g. in the format of equations (16) to (21). Also an input
is a list of reaction rate coefficients. .The computer program
sorts the reactions and forms formation terms, F, and
depletion terms, D, Formation and depletion terms were
discussed earlier in connection with equations (13) and (14).
Continuing, the computer program selects the appropriate F
and D terms to form the rate equation of equation (12). MNext,
the computer program multiplies the rate equation by a variable
timestep. The same approach was used in the simple computer

program; see equations (33) to (38).

49
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An advantage of the NRL program is the ability to change
the number of reactions. The computer program does not change;
only the input changes. The differential equations are
generated internal to the program. This method makes it much
easier to alter the set of equations and greatly reduces errors
attendant to such alterations which arise with ease in the
complex tangle of reactions. The decailed explanation of the
computer model is contained in references [26] and [31].
Appendix A gives a list of reactions used to generate the

population distribution within neon energy levels.




V. CALCULATION OF NEON EXCITED

STATE POPULATIONS

The excited states of neon are represented in Figure 6.
The electronic configurations of interest to this study are
the 3s, 3p, 4s, 3d, 4p, S5s, 4d, 4f, 5p, 5d, and 6s.

In order to calculate the populations of these particular
configurations, one needs to know the reactions involved and

the rate constants. For example,

kg
Ne + e-beam -+ Ne(3s)
ky
Ne + e-beam -+ Ne(3p)
k
11
Ne + e-beam - Ne(5s)

These reactions could then be input to the NRL XeF pro-
gram to calculate the populations of the excited configura-
tions of neon. After, an extensive literature search (Optics
and Spectroscopy, The Journal of Chemical Physics, Applied
Physics Letters, Physical Review A, Journal of the Optical
Society of America, Chemical Abstracts, IEEE Journal of
AQuantum Electronics, etc.) rate constants for the individual
excited configuratinns i.e. 3s, 3p, ... were not found.

Therefore, it was necessary to make a number of assump-

tions. The procedure followed was to extract all reactions
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Figure 6. Energy-Level diagram of Neon (Reproduced from
Pressley [32].
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from the NRL program involving the neon excited state (Ne*),
Then, these reactions were subdivided into two groups, the
Ne(3s) and all higher configurations, which are denoted by
NE*1 and NE*Z respectively. The population distribution
within NE*Z was calculated assuming a Boltzmann distribution.
The list of reactions which were used as modified input

to the !MRL program are listed in Table VI in the following

format:
Rate Constant
Ne + e' + Nex + e' T.20E-13 (49)
Ne + e' + Ne*l + e' 0.925E-18 (50)
Ne + e' + Ne*Z + e’ 0.275E-18 (51)

To compare equations (49) to (51) with the first three
reactions of Table VI note that e' is ZBEM in FORTRAN nota-
tion. The other symbols are obvious. The first reaction
yielding Ne* is divided into the Ne*l and lNe*Z reactions.

A computer run with the current density equal to 10 A/cm2
and a computer run with the current density equal to 11
A/cm2 calculated the populations for Ne*l (3s) and Ne*Z
(all levels greater than 3s).

The rate constants for the reactions were determined by
taking a.fraction of the total rate constant. For example,
in Table VI, for the second set of reactions, the rate
constant for NE*1 is 0.8 and NE*Z is 0.2 of the rate con-
stant for NE*, These fractions of the rate constant for

NE* are noted in parentheses following the reactions. The

choices of the fractional values were arbitrary.
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TABLE

Input Reactions

%
to the NRL Program.

NE
NE
NE
NE*
NE*1
NE*Z
NE2+
NE2+
NEZ+
NE3+

NE3+
NE3+

XENE+

XENE+
XENZ+

NE*
NE*1
NE*Z
NE*
NE*1
NE*Z
NE*

NE*1
NE*Z

++

+ +

+ +

++

++

++

++

EBEM
EBEM

NE
NE
NE
{E
XE
XE
XE

{E
XE

++ +
Zo =
=3

t< to

-

-
-+

Reaction

NE*
NE*1
NE*Z
NE
NE
NE
NE*
NE*1
NE*Z
NE*
NE*1
TXZ
NE*
NE*1
NE*Z
NE2*
NE2*
NE2*
XE+

XE+
XE+

HEXE+

NEXE+
NEXE+

+ EBEM

EBEM
EBEM

++

+
=
]

+ NE

NE
NE

++

+ NE + NE

++

XE
XE

++

+ NE

NE
NE

++

+ E- + NE

+ E- + NE
+ E- + NE
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Rate Constant

NE + NE
NE + NE

NN
.

L ]
o
N

1.20 E-18
0.925E-18
0.275E-18
2.00 E-10
1.60 E-10
0.40 E-10
3.50 2-08

.15 E-08
.35 E-08

ow

3.50 E-08
3.325E-08
0.175E-08
6.00 E-08

.60 £-08
.40 E-08

7.40 E-11
4,44 E-11
2:96 E"ll
2,20 E-11

1.32 =-11
0.88 E-11




*
TABLE VI (Continued). Input Reactions to the !NRL Program.

Reaction ' Rate Constant
NE* + F2 + NEF* + F 4,10 E-10
NE*1 <+ F2 + NEF* + F (.8) 3.28 =-10
NE*Z + F2 + NEF* + F (.2) 0.62 E-10
NE* + NF3 + NEF* + NF2 1.05 E-10
NE*1 <+ NF3 + NEF* + NF2 (.8) 0.84 E-10
NE*Z + NF3 + NEF* + NF2 (.2) 0.21 E-10
NE* + NF2 + NEF* + NF 1.0 E-10
NE*]1 + NF2 + NEF* + NF (.8) 0.8 =-10
NE*Z + NF2 + NEF* + NF (.2) 0.2 E-10
NE* + NF + NEF* + N 1.0 E-10
NE*1 <+ NF + NEF* + N (.8) 0.8 E-10
NE*Z + NF -+ NEF* + N (.2) 0.2 E-10
NE2* + HN352L -+ NE* + NE + ABSL 1.0 E-18P
NE2* <+ [IN352L ~+ NE* + NE <+ ABSL (.9) 0.9 E-~-18P
NE2* + HN352L + NE* 4+ NE + ABSL (.1) 0.1 E-~-18P

*
Use of capital letters more closely represents computer
printing.
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However, the first reactions listed in Table VI do not
have fractional values in parentheses, as the reaction rate
constants were determined using reference [9]. The plot of
"Excitation of Neon by Electrons' from page 467 of refer-
ence [9] was extrapolated to 10 keV, and the value for the
Zpl state was assumed to represent all excited configura-
tions above the 3s (NE*¥1l). The difference between the rate
constant for NE* and the 2p1 value yielded the rate constant

for NE*1,.
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VI. CALCULATION OF THE INDEX OF REFRACTION

The values (n-1)/N where n is the index of refraction
and N is the species population, have been calculated Refs.
[33], [34] and [35]. Figure 7 lists the values of (n-1)/N.
References [34] and [35] contain the details of calculating
these values.

The index of refraction (n-1) is equal to

a1 = (B2 N+ (B NG + k) ¥@ (5D

§§g§2d Ne*1 Ne*Z

Using the populations calculated in the NRL model for N,
N(3s), and N(Z) equation (52) can be solved. However, the
populations of individual electronic configurations must be
determined.

One feature of excimer lasers, in contrast to the
vibrational transition lasers of the infrared regicn, is
the extent of randomness of populations. In the €O, sgas
dynamic laser, mode temperatures can be assigned to the
various vibrational modes. Due to the short span of excita-
tion and power extraction in an excimer laser, the various
modes do not have an opportunity to equilibrate. This fact
is the reason extensive computer programs are necessary for
kinetics. An assumption of a Boltzmann distribution is

unfounded. However, in view of the sparsity of reaction
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rate coefficients for excitation to specific configurations
a Boltzmann distribution is assumed. Assuming a Boltzmann
relation for the upper levels the populations of the 3p,

4s, 3d, ... 6s can be calculated.

N(Z) = N(3p) + N(4s) + N(3d) + ... + N(6s) (53)
-(E4S-E32)
84s kI
N(Z) = N(3p) [1 + — exp
53 (E )
~(E, 4-E
3d “3p
+ :id exp T el (3B
P

where g denotes the degereracy of the configuration which is
equal to the sum of the 2J + 1 terms. E is the energy sub-
scripted by the configuration.

Solving for N(3p)

N(2)

) (55)

All the quantities on the right side of equation (55)
are known or can be calculated. Table VII lists the values

of the degeneracies and energies for the configurations.




TABLE VII. Degeneracy and energy values for the
{ configurations.

Elgctron%c ' -1
Cenfiguration g(Z 2J +1) E (cm )
3s 12 134674.6
3p 36 150197.8
4s 12 158950.1
3d 73 161874.4
4p 36 163180.3
5s 12 ] 166123.2
4d 73 ' 166500
4E 84 166562
5p 36 . 167812.5
5d 73 168000
6s 12 168750

The temperature T is calculated as follows using the

Boltzmann relation

=(E3¢-E3))

3s”
N(3s) _ 83s —Rr A
N(Zp gZp exp (586)

Solving for T

N(3s) 82p, _ - (Eqg-Epy)
tn [N§Zp; EEEI B kT




T = ‘(E3S - E;E)
N(3s) &2
k tn [Fy—22]
N(2p 83
i Substituting the value of T into equation (55) yields a

value for N(3p). To calculate N(4s) one uses

['(Eas'EBE)]

g
N(4s) = H(3p) Zhs exp kT (58)

(24

o3p

Similarly the populations of the other configurations
can be calculated i.e. 11(3d), N(4p), etc. Once the popula-
tions of the configurations have been found it is a simple

calculation to obtain n-1 applying equation (52) as

n-1 n-1 n-1
Ne(3p) ' Me(hs) * *°° He(5s)

are given along the bottom of Figure 7.

A computer program to calculate the index of refraction
(n-1) using equations (52), (55), (57), and (58) was
written.

In Fizure 7 the 3s + 4p transition contains an R¥*, R¥*
indicates that resonance may occur and can have a large
effect on the index of refraction. The spikes in Figure 8
are located at the resonant wavelengths. Resonance is

discussed in reference [36].
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The plots in Figure 9 are of the calculated indices of
refraction (n-l) versus time. (nanoseconds). Figure 9{a)
is for a laser wavelength away from 3s - 4p (no resonance)
for both low and high power. The current density for low

2, and the high power is 11 A/cmz. For a

power is 10 A/cm
nonresonant wavelength, the change in n-1 is in the fourth
decimal place.

The resonance effect was taken into account in a second
conputer run; see Figure 9(b). For a resonant laser wave-
length, the contribution to the index of refraction due to
Ne(3s) was calculated assuming (n-1)/Ne(3s) equal to
-5.0208; the corresponding value for YNe(4p) was (n-1)/Ne(4p)
equal to 1.667E08. Figure 9(b») is for a laser wavelength
near the 3s > 4p resonance for low and high power. The
resonance has a marked effect on the index of refraction
in comparison to Figure 9(a) as evidenced by the ordinates
of the plots. Also, Figure 9 reveals that increasing the
power decreases the index of refractionm.

The right hand ordinate scale for Figure 9(a) is the
ratio (n-l)/(n-l)o, where (n-l)o is the value at zero time.
The scale emphasizes the fact that the relative changes are
in the fourth decimal.

Table VIII lists the variables, symbols, and equations
used in the HP9830 program to calculate n-1. ™ahle IX lists
the HP9330 program used to calculate n-1 and Tables X and XI

list sample output for low and high power respectively.
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5.421508-05
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5.421308-05
5.42120E-05}
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5.42100E-05
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(a) Index of refraction (n-1) at laser wavelength away from 3s -+ 4p
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resonance for high and low power.

6E-05,

SE=05

4E-05) ha

IB-05}

n-1

28-05) \

1205} \\

Low Power

200¢C

N

High Power

~18-08}

-2!-050 500

1000 1500

Time, Nanoseconds

(b) Index of refraction (n-1) at laser wavelength near 3s -+ 4p resonance
for high and low power.

Figure 9. Calculated index of refraction (n-1) as a function

of time.
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TABLE VIII. Variables, Symbols, and Lquations Used in

1IP9830 Computer Program for Calculation of

n-1.

Variables and 3ymbols Used in the Program

HP9330 Text Meaninz or Value (fof constants) Tnits
G g degeneracy (I 2J+1) -
E E energy em™t
Cl c speed of light cm/sec
K2 k Boltzmann constant eV/°K
M n-l/Ne() Contribution of excited state -
X 2p,3s,.. Index of the levels 1 to 12 -
KO T Temperature degrees
Xelvin
J - Time increment index -
Kjuations !Ysed in the Progzram
Line Number Tquation Number
320 57
230 56
1030 54
1050 55
1130 58
1359 52

56
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18 PRINT LW FBUER 18R-CHEZ2"
28 PRINT
188 DATA s 2. 715E+19 1E-S0: 1E~-5SA
118 DATH Sa,t.TlrE+14 ZLESE+13s 1. 1E86E+13
128 DATA 1882, FIEE+1 99,5 14E+13: 2, BR2E+13
128 DATA 1S8«92.7I16E+19y 7. 7% 3 3.3
148 DATA 298, 3.FT16E+19%, 3. 385
159 DATA 258.9.7T18E+13,9,572
156 DARATA 280 9. FIeE+13, %, 333
179 DATA 259:3.716E+1%, 1,028
120 DATA 4890:3.F718E+19:1.841 o
196 DATH 4909.9,.F16E+1%, 1,651 A5
208 DATA S92, F1EE+19.1.857 : By
218 DATA S58:9,.F18E+19. 1, 8E8E+1d4+ 8, {AZE+1 3
229 DATA £y 3. FT1IcE+19, 1. AE2E+14: 8, 1 15E+13
228 DATA BS99, FIcE+1 9, 1. 863E+14 &8, 127E+13
249 DATA FTHAA.2.TISE+19.1. ﬂ54E+14sc.1?2E+1‘
253 DATA VIR« 2.FIRE+13: 1. AESE+14.6, 135E+13
258 DATA 288, 3. 715E+13, 1. BE5E+14,5 1:TE+1'
278 DRATH 2582, FIEE+13 1 GESE+14: 7, 1 28E+13
220 DATA 08,3, F18E+19: 1, 866E+14+8, 1 33E+173
230 DATA 3582, 71RE+19, 1 \OEEE+14+&, 14E+1 2
TEE DATA 109083, FLEE+I 9y 1. O8CE+14s 6, 14E+13
218 DRTA 10838, 3. F1AE+12y 1 A88E+14: 6, 14E+1 T
328 DRATA 11983, F16E+19+ 1. BETE+1d+ 5, 14E+13
338 DATA 11589, F1EE+19% 1. AETE+14+ 8, 141E+13
3 DRATA 12688.9,F1AE+194 1. AETE+14: 6, 141 1E+1 5
359 DARTAH 1258y 3. T16E+1941 . 3ETE+1d4+68, 141E+13
] DATA 136883, F16E+12: 1. A53E+14. 68, 142E+1
3 DATA 1359, 2. T1EE+194 1. BESE+14s 5, 142E+13
Kk DATA 14839, TIEE+13 1 AE9E+14:6, 143E+13
K] DATA 14503, T1EE+13: 1. G89E+14. 6, 144E+12
4 DRTA 1500, 3,F16E+19: 1. B7E+14: 5, {45E+13
4 DATA 15358, 3. V16E+13: 1. 8FVE+1d+68, 146E+1 3
- DATH 16083, F1EE+12.1. 07 1E+1d4: 6, 14TFE+L3
DATA 16503, FlEE+1 3.1 B7ZE+1d 5, 1423E+13
DATA 17BE3.FIEE+19. 1 ATIE+ 145, 143E+1 2
B DATA 17589, 71EE+192: 1. 874E+14+5, 1SE+13
3 DATA 12883, 71EE+1 9, 1. AT4E+144 6, 1S2E+13
: DRATA 1335G.3.V16E+1 2 1. G75E+144 8, 1S3E+1 2
438 DATA 120083, F1E6E+19: 1 Q7TE+14yE8, 1SSE+1 3
433 DATA 1998+ 3.T16E+19 1 AT2E+14 &, 1STE+1 2
598 DATA 2008:9,T16E+19+ 1. G7IE+14: 6, IS9E+13
510 DIM TO41 oKD 3125041 127041 3sMI 13330132
512 DIM RL41+120sL0411sHLS11ECL13 D
57
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Program.

Listing of the HP9330 Index of Refvaction (n-1)
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TABLE IX (Continued). UListing of the 1P9830 Index of
§ Refraction (n-1l) Program.
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TABLT IX (Continued). Listing of the HP9830 Index
Refraction (n-1) Program

1188 FOR J=1 TO 41

1128 FOR k=4 TO 12

1138 ML Js b I=HO ds 3 1%A0 Ja k]
1158 HEHT K

1175 HEST J

1218 ML11=53%

1228 ML 21=-37444

1228 ML31==-59c74

1248 ML 4 J=-82722

1258 MCS I=31324

1268 ML )=-61733

1278 MLT I=-S4913

1258 M3 1=27317

1233 M3 I1=R

1399 ML1A1=-32435

1218 M1l 1=42739

1329 ML 12 )=24238

1339 FOR J=1 T0Q 41

1248 R=8

1350 FOR k=1 TO 12

12380 RO JsE I=MDE T#HD sk I+
1278 F=R+RC 1K ]

1408 MEXT K

1412 IF ¥=1 THEH 141%
1414 HL J1=F

1416 GOTO 1428

1413 LLJI=R

1428 PRIMT "W - 1 IS"R"RT TIME"TL JI"HIEC"
1448 MEST J

1458 FRINT

146@ PRIMT HIGH FOWER 11R-CHMTZ
1465 FRIMT

1452 IF % »= 2 THEH 15&4
1478 GOTO 7a5

1566 SCALE u-;uuu~—*E -3y EE-BS
1518 #AAIS ~2E-85.1@48

1525 YA

1328
1548
1558
1568
1578
1529
1538
189
1518

w13 Bs1E- H=
FOR J=1 TO 41
PLOT TCJ1sLLJ]
HEXT J

PEN

FOR J=1 T 41
PLOT TLJ1sHL.A]
HEXT J

PEM

STOF
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TABLE IX (Continued).

Listing of the HP9830 Index of
Refraction (n-1) Progran.

S888 PRINT "DARATA FOR HIGH FOMWER 11A/-CHMt:2
S8139 DATA As3.TIEE+13:1E-S8, 1E-SA

S828 DATA SA«9.V1cE+13:3.1

IEE+1301,

SO20 DATAH 1989:93.T16E+193:6, I92E+1 3.3,
50948 DATH 156:9.V1IcE+13 3, 36E+1.-4
SHS0 DATA 298, 3,T16E+19:3, FE2E+13.5
SHER DATA 290:3,.T16E+19.1 €4E+14-5 .
5879 DATA 288.,9,71& E+14-1.1H1E+14~5.; 3
SBZH DATA 258,93, 7T16E+19s 1. 12%E+14+ 8, 4323E+13
5898 DATA 4008« T16E+13: 1. 14TE+14+ £, SE4E+13
S108 DATA 458, 2. T1EE+1 31 1STE+14. 5, G4 1E+13
S118 DATA S92, TIEE+1 3y 1, 1E3E+14 8, REVE+1LZ
5129 DATA S28,2.F1EE+19: 1, 16TE+14+6, F1ISE+17
5128 DRATA €98 3.718E+1 391, ITE+14+8, FEIZE+15
5149 DATA BS8.3, F1E6E+1 3y 1. 1T1E+1ds8. F42E+13
S1S8 DATA TAB. 9. FIEE+19: 1, I72E+14+8,. TH42E+13
168 DATHA TOB9,.F1EE+134 1, I7IE+14+6, PSIE+LD
178 DATA 2082, 7l8E+19.1, 1?3E+1456.T?4E+1-
2139 DATA 259, 9, T16E+122 1L ITIE+14. 5, TESE+13
S198 DATA 398y 2. FTIEE+19 1. 1T4E+14 8, TSEE+L S
SZ00 DATA 23502, FY18E+1 31, 174E+13+8.TSTE+1 D
2219 DATA 1998, 2.F18E+19 1, ITSE+14. 5. FSTE+L D
23228 DRATA 108568:93.T18E+13 1, 17SE+14+65, TSEE+1D
T238 DATA 1188y 3. FI6E+13: 1, I7SE+144 8. TSRE+L T
5248 DATH 11503, T1EE+1 30 1 ITEE+142 6. FS9E+LD
5290 DRATAH 12099, FV16E+19s 1. ITEE+1ds S, TEE+L 3
S2e8 DRATA 1250+, F1eE+19: 1, 177E+14. 5, TEE+L3
S278 DATA 1380 3.716E+1%2 1. 17RE+14 5. 671E+13
S52380 DATA 13503, F16E+19+y 1, 178E+14 5, FEZE+LD
S290 DATH 1408+93, TIEE+1 91, 17TRE+1d+ 6, FEIE+LT
9398 DATA 145843, F16E+19: 1 18E+14s 8, TESE+1S
5313 DATH 19883, F16E+13: 1. 121E+14 5. FREE+L S
5328 DATA 1599+3.716E+1% 1. 1832E+14» 8, FESE+13
5330 DATH 16883, V1eE+19+ 1, 133E+14y 8. FEIE+LS
5248 DATA 1539-9.*1:E+13-1.1E4E+14sﬁ.?T1E+1.
5350 DATA 1798, 2, PI18E+159s 1, 188E+14y 5. FF2E+1 2
S368 DATA 17502, FISE+19:« 1, 137E+14 &, FFEE+1 2
3378 DATA 1383088+ 3.71R8E+1%: 1, 132E+14+v8, FFRE+13
‘BBH DRTH 132358, 3.V18E+13: 1. 19E+14. 5, TSLE+L13

290 DATA 19909, . FISE+159 1, 192E+1d. 8. 7S4E+1 3
5453 DRATA 1958, 3. T1EE+12: 1, 1 32E+14+6, FRFE+LZ
5418 DATA 20003, 716E+19+ 1, 19CE+14,8. 7ILE+13
Sd4z28 EMD
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Qutput of the HP9830 for n-1 at Low Power.

HSEC
HEELD
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VII. CALCULATION OF PHASE SHIFT

Beam quality as previously mentioned de’ends on favor-
able illumination of the exit aperture; favorable illumina-
tion implies near constant phase. Therefore, calculation
of the phase shift is important. To calculate the phase

shift consider a laser cavity of length L as shown in Figure

10.

CAVITY

—
LASER OUTPUT

T
t
. .

Figure 10. Geometry of Cavity

Other symbols essential for the calculation are

N - number of waves A - wavelength
1 - denotes low power n - index of refraction
2 - denotes high power v - frequency of the laser

The number of waves in length L is given by

N, = L/A; 59) |




In equation (39) i = 1,2. Vavelenzgth is related to index

of refraction by

= = £
Ay Vi/v 7,V (6Q)

Consider two regions in the cavity which are pumped at

different power inputs. The difference in the number of

waves in the two rezions is

Ny - N, = L{<~ - %) (61)

_ Lv 2
S P L (62)

Multiplying the right hand side of equation (62) above and

below by nq produces

Lv n n,-n
1 ( 2 l)

3y - Nl - ng

63)

Multiplying equation (03) by 1/L and substituting equation

(50) yields

) (64)

The term on the left hand side is the phase shift per unit
length of cavity. The phase shift at 1000 nanoseconds for

a fionresonance wavelength is now calculated.

A = 353 nm = 353.0E~7 cm (Figure 8)
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From Tahles X and XI the values of n are

n, = 1 + 5.42039E-05

n; = 1 + 5.42049E-05

Substituting into equation (€4)

No-Np 1 1.0000542039-1.0000542049

1
T = 353.08=7  T.0000542049 )

= -2.8327E-5 cm

The phase shift at 1000 nanoseconds for resonance is calcu-
lated below.

A = 351.6E-7

The values of n are

1, 1 + (-3.71283E-06)

ny 1 + (1.6602E-06)

Substituting into equation (64)

Np-dy 1 .999996287170-1.900005602

1
T = 33T.65=7 ( T. 000006602

) = -8.959E-3 em”

The Strehl ratio, which is discussed by Born and Wolfe
[21], provides a criterion for beam quality in terms of

phase distortion. The ratio is

I =1, exp [-(216/M)?] (65)

65




where I is beam intensity in the far field due to a phase
distortion of §/A. Based on equation (65), the criterion

of
§/x < 0.1 (66)

is frequently invoked for satisfactory beam quality. Com-

paring equations (65) and (61) one notes that

”2 - N1 = §/A (67)

5

The waxinum lenzth of the laser cavity, L, for good

beamm quality is

(N,-N)
L g/kw ) : Nl 8
-\ NA.-
2 "1 2 1
=t 5

Substitution of numerical values vields the following
results:
- maximunn L for a laser operating at a nonresonant wave-
length is 35 meters.
- maximun L for a laser operating at a resonant wave-
length is 0.1116 meters.
For a nonresonant laser wavelength, a laser cavity with
length, L, less than 35 meters will have &6/)\ less than 0.1.
However, if the laser wavelength is in resonance with neon,
a length of laser cavityv of only 0.1116 meters will cause

§/x = 0.1. PRecall the power into the laser cavity was

varied by 10 percent.




VIII. RESULTS

For a power variation of 10 percent the phase shift at
nonresonance is small (M, - ¥, = -0.0028 for a 1097 cm
cavity) and is dominated by the neon ground state whose
population is approximately one million times larger than
the other species. However, in the resonance case, if the
assumed values of R* are correct, the index of refraction
can be greatly magnified, resulting in a phase shift of

-8.959E-3 cm™ L as compared to -2.8327E-5 et

for nonreso-
nance.

It should be noted that the populations of the neon
excited states were calculated using an arbitrary choice to
determine the rate constants. However, the population of
Ne is approximately six orders of wmagnitude larger than
the neon excited states and thus dominates. As long as the
laser is operated away from the 3s -+ 4p resonant wavelengths,

the phase shift will be negligibly small resulting in

satisfactory beam gquality.
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APPENDIX
CALCYJLATION OF RATE CONSTANMT k

5

Consider a thin layer of active optical medium, with
gain a, cm-l, in the laser cavity of length ¢, cm. The

change in intensity I, watts/cmz, within the thin layer is

AT =TI, -Ijp=alx (69)

The number of photons per unit time entering the layer of

active optical medium is

= in S
Nin = B (79)

A corresponding term for the number of photons leaving per
unit time is

. I A

- _out
Hout hv (71)

The rate of production of photons within the thin layer is

the difference between ”out and Nin which is

et i IR Y G (72)
duction = N - = 2 - 1.
lOf photons ‘ out ir  hv “Tout in

Equation (72) neglects spontaneous emission. Combining

equations (69) and (72) yields
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ALl

production rate = == (73)

From equation (19) the rate of production of photons by

stimulated emission is

production rate = ks[hv][KrF*]Az (74)

where the symbol [hv] means number of photons per unit volume.

The gain coefficient also is equal to
o = o[KrF*] (75)

where ¢ is the optical cross section for stimulated emission
at the frequency v. The number density of photons [hv] is

related to intensity by

[bv] = o= (76)

chv

where ¢ is the velocity of the photons; c¢, obviously, is the
speed of an electromagnetic wave.-

~Tombining equations (73) to (76) gives
kg = co amn

The dimensions of ks are cm3/sec; the dimension of ¢ is cm,
and ¢ is cmz/sec. From reference [2] the value of ¢ is
5.02-16 cm?, and c is 3.0E10 cm/sec. Substituting these

values into equation (77) yields

77




= 1.5E-05 cm3/sec

kg

This is the value for ks used in the computer programn.




APPINDIX C
CALCULATION OF PHOTON COMNCENTRATION

The concentration of photons is given by equation (76)

as
[hv] = I/chv
Assuming, I =10 kw/cm2 (saturation value)
¢ = 3.0E10 cm/sec
h = 6.6256F-34 J-sec
Ao = 2483.0E-9 m

the concentration of photons can be calculated.

[hv] = 10.0E3 T 55

[hv] = 4.159E11/cm> .
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